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ABSTRACT
We present the initial results from a survey for planetary-mass brown dwarfs in the Taurus star-
forming region. We have identified brown dwarf candidates in Taurus using proper motions and
photometry from several ground- and space-based facilities. Through spectroscopy of some of the
more promising candidates, we have found 18 new members of Taurus. They have spectral types
ranging from mid M to early L and they include the four faintest known members in extinction-
corrected Ks, which should have masses as low as ∼ 4–5 MJup according to evolutionary models.
Two of the coolest new members (M9.25, M9.5) have mid-IR excesses that indicate the presence of
disks. Two fainter objects with types of M9–L2 and M9–L3 also have red mid-IR colors relative to
photospheres at ≤L0, but since the photospheric colors are poorly defined at >L0, it is unclear whether
they have excesses from disks. We also have obtained spectra of candidate members of the IC 348
and NGC 1333 clusters in Perseus that were identified by Luhman et al. (2016). Eight candidates
are found to be probable members, three of which are among the faintest and least-massive known
members of the clusters (∼ 5 MJup).
Subject headings: planetary systems: protoplanetary disks — stars: formation — stars: low-mass,
brown dwarfs — stars: luminosity function, mass function – stars: pre-main se-
quence
1. INTRODUCTION
The identification of large samples of planetary-mass
brown dwarfs (< 15 MJup) is important for measuring
the minimum mass of the initial mass function and for
helping to interpret observations of directly imaged plan-
etary companions. This is most easily done in the nearest
young clusters and associations (. 10 Myr, 100–300 pc)
given the sensitivities of existing telescopes and the pre-
dicted luminosities of brown dwarfs as a function of age
(Burrows et al. 1997; Chabrier et al. 2000). The Tau-
rus and Perseus star-forming regions are two of the most
appealing targets for a brown dwarf survey because of
their proximity (d = 140 and 300 pc; Torres et al. 2012;
Schlafly et al. 2014, references therein) and the relatively
large sizes of their stellar populations (N∼400 and 800,
Kenyon et al. 2008; Bally et al. 2008). Luhman et al.
(2016, 2017) have provided recent summaries of previous
surveys for members of Taurus and the two richest clus-
ters in Perseus, IC 348 and NGC 1333 (see also Kraus
et al. (2017) for Taurus). The census of each region con-
tains several dozen objects with spectral types indicative
of brown dwarfs (>M6), most of which were identified
with optical and infrared (IR) photometry.
We have begun a new search for brown dwarfs in
Taurus that improves upon previous surveys of the re-
gion in terms of both coverage and depth. This work
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which is operated by the Jet Propulsion Laboratory, California
Institute of Technology under a contract with NASA.
2 Department of Astronomy and Astrophysics, The Penn-
sylvania State University, University Park, PA 16802;
taran.esplin@psu.edu.
3 Center for Exoplanets and Habitable Worlds, The Pennsyl-
vania State University, University Park, PA 16802.
is based on photometry and astrometry from wide-field
images collected by the Two Micron All Sky Survey
(2MASS, Skrutskie et al. 2006), the Spitzer Space Tele-
scope (Werner et al. 2004), the United Kingdom In-
frared Telescope Infrared Deep Sky Survey (UKIDSS,
Lawrence et al. 2007), Pan-STARRS1 (PS1; Kaiser et
al. 2002, 2010), the Sloan Digital Sky Survey (SDSS,
York et al. 2000; Finkbeiner et al. 2004), Gaia (Per-
ryman et al. 2001), and the Wide-field Infrared Survey
Explorer (WISE, Wright et al. 2010). In addition, we
have continued the survey of IC 348 and NGC 1333 from
Luhman et al. (2016) by obtaining spectra of candidates
for planetary-mass brown dwarfs from that study. In
this paper, we apply updates to the census of previously
known members of Taurus from Luhman et al. (2017)
(Section 2), identify candidate members of Taurus us-
ing color-magnitude diagrams (CMDs) and proper mo-
tions (Section 3), present spectroscopic classifications of
an initial sample of promising candidates (Section 4),
and check the new members for mid-IR excess emission
that would indicate the presence of circumstellar disks
(Section 5). We then present spectroscopy for several
candidate members of IC 348 and NGC 1333 from Luh-
man et al. (2016) (Section 6).
2. PREVIOUSLY KNOWN MEMBERS OF TAURUS
Before presenting our survey for brown dwarfs in Tau-
rus, we describe our adopted list of previously known
members. A recent compilation of members was pre-
sented by Luhman et al. (2017). Since that study, Kraus
et al. (2017) and Best et al. (2017) have proposed addi-
tional members of Taurus. In this section, we examine
those candidates to determine whether to add them to
the list from Luhman et al. (2017). We also reject a few
stars from the latter that do not appear to be members.
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2.1. Candidate Members from Kraus et al. (2017)
Kraus et al. (2017) compiled diagnostics of membership
in the Taurus star-forming region for 396 candidate mem-
bers that had been identified in previous surveys. They
selected candidates that lacked evidence of disks in ear-
lier studies4 and that were within a large area extending
well beyond the Taurus clouds that was defined by right
ascensions (α) of 3h50m–5h40m and declinations (δ) of
14◦–34◦ (J2000). The diagnostics consisted of positions
in the Hertzsprung-Russel diagram, lithium absorption,
gravity-sensitive spectral features, Hα emission, proper
motions, and radial velocities. A given candidate was
treated as a member of Taurus if it appeared to be a
pre-main-sequence star based on the first four measure-
ments (when available) and if its kinematics were similar
to those of the previously known members. Some can-
didates lacked sufficient data for definitive assessments
of their membership. Kraus et al. (2017) concluded that
218 of the 396 candidates were confirmed or likely mem-
bers, 82 of which were absent from the compilation of
members in Luhman et al. (2017). Most of those 82 stars
are older (10–30 Myr) and more widely distributed than
the previously known members (∼ 1 Myr), so Kraus et
al. (2017) proposed that they represent an earlier genera-
tion of star formation that is related to the Taurus cloud
complex. Although it was not included in their sample,
Kraus et al. (2017) noted St 34 as an additional example
of an intermediate-age pre-main-sequence star that ap-
pears to be co-moving with the known Taurus members,
satisfying their criteria for membership.
For four stars adopted as members by Luhman et al.
(2017), Kraus et al. (2017) found insufficient data for
membership assessment (V410 Anon 25, V410 X-ray 4)
or proper motions that appeared inconsistent with mem-
bership (V410 X-ray 5a, LH 0419+15). We treat the
first two stars as members because they are too highly
reddened for foreground stars (AV ∼ 25 and 19), are too
bright for background dwarfs, have 2.3 µm CO band-
heads that are too weak for background giants (Luhman
et al. 2017), and have proper motions that are consistent
with membership (Section 3.1.1). Both of the other two
stars, V410 X-ray 5a and LH 0419+15, are very young
(. 10 Myr) based on the gravity-sensitive features in
their spectra (Luhman et al. 2017, references therein).
Our measured proper motions for V410 X-ray 5a also
support membership (Sections 3.1.1, 3.1.4). However,
LH 0419+15 is unlikely to be a member based on the
proper motion data from Harris et al. (1999) and Sec-
tion 3.1.4 (µα, µδ = 0.6 ± 4.1, −5.5 ± 5.4 mas yr−1). It
is also fainter than any other known member near its
spectral type (M6–M7). Therefore, we no longer adopt
LH 0419+15 as a member.
The field that we have considered for our survey of
Taurus (α = 4h–5h10m, δ = 15–31◦, Section 3) is smaller
than that from Kraus et al. (2017), but it still en-
compasses all of the Taurus clouds and the previously
adopted members from Luhman et al. (2017). Our field
contains 56 of the 82 proposed members from Kraus et
al. (2017) that were absent from Luhman et al. (2017).
One of those 56 stars, XEST 08-014, was spectroscopi-
4 One of these stars, 2MASS J05080816+2427150, was classified
as diskless by Esplin et al. (2014), but we find that it does show
evidence of a disk (Section 5).
cally classified as a field dwarf by Luhman et al. (2009b).
A second star, HBC 407, was rejected by Luhman et
al. (2017) because its proper motion was inconsistent
with membership. Among the remaining 54 candidates
from Kraus et al. (2017) within our survey field, 16 have
measurements of parallaxes and proper motions in the
first data release of Gaia. To assess the membership of
those 16 stars, we plot them in diagrams of Gaia magni-
tude (G) versus parallax, µδ versus µα, and extinction-
correctedMK versus spectral type in Figure 1. The latter
diagram is based on Ks from the 2MASS Point Source
Catalog, the extinctions and spectral types adopted by
Kraus et al. (2017), and the Gaia parallactic distances.
For comparison, we also show the 16 known members
from Luhman et al. (2017) that have Gaia parallaxes
and proper motions. Their spectral types and extinc-
tions are taken from Luhman et al. (2017). For a given
space velocity, a star’s proper motion varies with position
on the sky and distance. To reduce these projection ef-
fects, we have subtracted from the proper motion of each
star the motion expected for the mean space velocity of
known Taurus members (Luhman et al. 2009b) and the
α, δ, and parallax of the star. A diagram of the resulting
offsets is included in Figure 1.
Most of the known members of Taurus in Figure 1 have
parallactic distances near the value of ∼140 pc that has
been previously measured for a small subset of members
(Wichmann et al. 1998; Loinard et al. 2005; Torres et
al. 2007, 2009, 2012). The primary exception is DR Tau,
which would appear to be located behind Taurus accord-
ing to Gaia (207+14−12 pc). In comparison, most of the
candidates have closer distances of 100–120 pc, which
was noticed by Kraus et al. (2017) during their exami-
nation of the same Gaia parallaxes. The diagram of MK
versus spectral type in Figure 1 indicates that most of
the candidates are older than the known members, ap-
pearing between the isochrones for 10 and 40 Myr from
Baraffe et al. (2015). In the proper motion diagrams,
most of the candidates are distinct from the known mem-
bers; the two populations differ by ∼ 10 mas yr−1.
2MASS J04244815+2643161 is the only candidate for
which both its proper motion and parallax are similar to
those of the known members. In addition, it is one of the
two candidates that appear above the 10 Myr isochrone
in Figure 1 and it is located near known members. As
a result, we choose to adopt it as a member of Tau-
rus. We note that the proper motion measurement for
St 34 from Zacharias et al. (2017) (µα, µδ = 5.8 ± 1.4,
−12.7 ± 1.3 mas yr−1) coincides with the group of can-
didates from Kraus et al. (2017) rather than the known
members (Figure 1). Hartmann et al. (2005a) proposed
that St 34 is ∼30–40 pc closer than Taurus, which would
also place it in the same range of distances as those can-
didates.
Parallaxes are not available for 38 of the 54 candidates
from Kraus et al. (2017) in our survey field. For 36 of
those 38 stars, proper motions can be measured with
astrometry from 2MASS and Gaia or 2MASS and PS1.
In Figure 2, we plot the 2MASS/Gaia motions for those
36 candidates when available, and otherwise show the
2MASS/PS1 measurements. The 38 candidates also are
plotted in a diagram of extinction-corrected Ks versus
spectral type in Figure 2. In both diagrams, we have
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included the previously known members from Luhman
et al. (2017). We have marked the 10 mas yr−1 radius
threshold in the proper motion diagram that we apply
to 2MASS/Gaia motions in our survey for new members
(Section 3.1.3). That criterion is satisfied (at 1 σ) by
24 of the 36 candidates from Kraus et al. (2017) whose
proper motions are shown in Figure 2. Because the errors
in these proper motions are larger than those from Gaia,
we are unable to determine whether the candidates in
Figure 2 form a well-defined, distinct population like that
found for the candidates with Gaia motions in Figure 1.
In the diagram of Ks versus spectral type in Fig-
ure 2, many of the candidates are fainter than the se-
quence of the known members, indicating that they have
older ages if they are near the distance of the Taurus
clouds. Only five candidates satisfy our proper mo-
tion threshold, appear within the sequence of known
members in Ks versus spectral type, and exhibit evi-
dence of youth among the diagnostics from Kraus et al.
(2017). Two of them, 2MASS J05080816+2427150 and
2MASS J04355683+2352049, are near known members,
and the former has red mid-IR colors that indicate the
presence of a disk (Section 5), so we add them to our
census of Taurus. For the other three stars that are
far from members, 2MASS J04091700+1716081, 2MASS
J04515424+1758280, and 2MASS J04525015+1622092,
we defer an assessment of their membership until the
next data release for Gaia, which should provide mea-
surements of their proper motions and parallaxes.
In the preceding discussion, among the candidates from
Kraus et al. (2017) that were absent from the compilation
of known members in Luhman et al. (2017), we adopted
three stars as Taurus members because they appear to
have similar ages, kinematics, and distances (when avail-
able) as those known members. Most of the other candi-
dates are older than the known members, and many have
kinematics or distances that are noticeably different. In
particular, the subset of candidates with Gaia parallaxes
and proper motions are distinct from the known members
in the Gaia data. As a result, we contend that those can-
didates and the known members should not be treated as
constituents of the same stellar population, even if their
origins are related.
Any relationship between the older candidates from
Kraus et al. (2017) and the known Taurus members may
be tenuous. Kraus et al. (2017) suggested that their can-
didates formed from either the current Taurus clouds
or previously existing clouds that have dispersed. The
former scenario is unlikely given that 1) the lifetimes
of molecular clouds (∼1–2 Myr, Hartmann et al. 2001,
2012) are much shorter than the ages of those stars (10–
40 Myr), 2) the candidates are not isotropic relative to
the known members in the Gaia proper motions, and 3)
the candidates are systematically offset relative to the
known members in the Gaia parallaxes. Instead, it is
much more likely that the candidates originated in clouds
that are no longer present. Kraus et al. (2017) pro-
posed that those earlier clouds were closely associated
with the current Taurus clouds such that they together
represented a long-lived star-forming complex. However,
the differences in Gaia proper motions and parallaxes
for candidates and known members (when available) in-
dicate that the clouds that produced the former may
have been quite far from the gas that would eventually
become the Taurus clouds. For instance, the offset of
∼10 mas yr−1 in the Gaia proper motions of the two pop-
ulations corresponds to a relative drift of nearly 30◦ over
10 Myr. It is possible that the natal clouds of the can-
didates from Kraus et al. (2017) and the known Taurus
members have no relationship beyond the fact that, like
a number of other molecular clouds, they both formed
just beyond the edge of the Local Bubble.
2.2. Candidate Members from Best et al. (2017)
Best et al. (2015, 2017) recently used photometry from
WISE and PS1 to search for brown dwarfs in the solar
neighborhood that are near the L/T transition. They
avoided areas of high extinction like the dark clouds
in Taurus, but their survey did include the outskirts
of Taurus, where they uncovered two late-type dwarfs,
PSO J060.3+25 (2MASS J04011678+2557527) and PSO
J077.1+24 (2MASS J05082480+2422518). Both objects
were classified as young L dwarfs and proposed as new
members of Taurus.
Best et al. (2017) used near-IR spectroscopy to mea-
sure spectral types of L1 and L2 for PSO J060.3+25 and
PSO J077.1+24, respectively. To obtain types that have
been measured in the same system as the known late-
type members of Taurus, we have classified the spectra
from Best et al. (2017) with the M/L standard spectra
from Luhman et al. (2017). The latter were constructed
from spectra of M-type members of Taurus and other
young populations (.10 Myr) that have optical spectral
types measured with the methods from Luhman (1999)
and spectra of the youngest field L dwarfs that have opti-
cal types derived with the scheme from Cruz et al. (2009)
and Kirkpatrick et al. (2010). When comparing each PS1
object to a standard at a given spectral type, the latter
was artificially reddened to match the spectral slope of
the former using the extinction law from Cardelli et al.
(1989) (only positive values of extinction were allowed).
In Figure 3, we compare the data for PSO J060.3+25
and PSO J077.1+24 to standard spectra between M9
and L2 with the best-fitting reddenings. We find that
the spectra of PSO J060.3+25 and PSO J077.1+24 are
best matched by M9.25 with AV = 0.6 and M9.25 with
no extinction, respectively. Both objects are much bluer
than our standard spectra for young L dwarfs as well
as the spectrum from Bowler et al. (2014) for Tau-
rus member 2MASS J04373705+2331080, whose opti-
cal spectrum exhibits a type of L0 and little extinc-
tion (Luhman et al. 2009b). As discussed by Best et al.
(2017), PSO J060.3+25 and PSO J077.1+24 are clearly
young based on the gravity-sensitive features in their
spectra. However, PSO J060.3+25 has an H-band con-
tinuum that is slightly less triangular and an FeH fea-
ture (0.99 µm) that is somewhat stronger than our young
standards, indicating that it may be older than the ob-
jects associated with the Taurus dark clouds (> 10 Myr).
PSO J077.1+24 also has stronger Na I absorption at
2.2 µm than the standards, which would suggest an older
age as well, although the S/N is low near that feature.
We note that our classifications are valid only if the PS1
objects have ages similar to those of known Taurus mem-
bers. If they are older, then one would need to perform
the classifications with older standards, which could pro-
duce slightly later spectral types than those we have de-
rived with < 10 Myr standards given that near-IR spec-
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tra are bluer and the steam bands are more shallow at
older ages for a given optical M/L type.
PSO J060.3+25 and PSO J077.1+24 are located on
the western and eastern edges of Taurus, respectively, as
shown in Figure 4. PSO J060.3+25 is also on the western
periphery of the Pleiades open cluster (125 Myr, Stauf-
fer et al. 1998), and in fact was identified as a candidate
member of the Pleiades by Sarro et al. (2014) and Bouy
et al. (2015) based on its photometry and proper mo-
tion. Best et al. (2017) found that the proper motion
of PSO J060.3+25 from Bouy et al. (2015) was consis-
tent with membership in either Taurus or the Pleiades,
and that the PS1 motion for PSO J077.1+24 was con-
sistent with membership in Taurus, although the errors
in that measurement were fairly large (∼ 12 mas yr−1).
The positions of PSO J060.3+25 in diagrams of near-
IR magnitudes versus spectral type from Best et al.
(2017) coincided more closely with the Taurus sequence
than the Pleiades sequence, so that study favored mem-
bership in Taurus. However, its position agrees better
with the Pleiades sequence if our spectral classification
of M9.25 is adopted. Indeed, both PSO J060.3+25 and
PSO J077.1+24 are fainter than any known members
of Taurus at M9–M9.5, as illustrated in the diagram
of extinction-corrected Ks versus spectral type in Fig-
ure 5. Based on their position in that diagram and
their gravity-sensitive spectral features, we conclude that
PSO J060.3+25 and PSO J077.1+24 could have ages of
>10 Myr and may not be members of the Taurus star-
forming population. Late-type objects with surface grav-
ities intermediate between those of Taurus members and
field dwarfs have been identified in previous surveys of
Taurus (Luhman 2006; Slesnick et al. 2006), some of
which were included in the sample of proposed mem-
bers from Kraus et al. (2017). We have found additional
late-type objects with intermediate ages in our survey
(Section 4).
2.3. Updates to the Census from Luhman et al. (2017)
To construct a list of the previously known members
of Taurus, we begin with the compilation from Luhman
et al. (2017). The following stars from that list are
now rejected because they appear unlikely to be mem-
bers: L1551-55, RXJ05072+2437, HBC 376, 2MASS
J04163048+3037053, 2MASS J04215851+1520145,
2MASS J04374333+3056563, 2MASS
J04080782+2807280, 2MASS J04505356+2139233,
ITG 1 (2MASS J04375670+2546229), and LH 0419+15.
The first seven stars are significantly fainter than
known Taurus members near their spectral types. Stars
that are occulted by circumstellar material and seen
in scattered light can appear unusually faint, but six
of those seven stars lack the mid-IR excess emission
expected from a circumstellar disk in photometry from
Spitzer and WISE. One of those six stars, 2MASS
J04215851+1520145, was identified as a member of
Taurus based on a mid-IR excess in the WISE All-Sky
Source Catalog (Esplin et al. 2014), but newer data in
the AllWISE Source Catalog do not exhibit an excess.
The seventh star, 2MASS J04374333+3056563, has an
excess only longward of 10 µm, whereas an edge-on disk
should show excess emission at shorter wavelengths as
well. The eighth star, 2MASS J04505356+2139233, is
rejected because its Li absorption is rather weak for
a Taurus member near its spectral type (Findeisen
& Hillenbrand 2010) and it appears along the lower
envelope of the Taurus sequence in K versus spectral
type. ITG 1 was classified as a Taurus member based
on its mid-IR excess emission, which suggested that it
harbored a circumstellar disk and therefore was likely
to be a young star (Luhman et al. 2006; Furlan et al.
2011). However, measurements of its proper motion
with Spitzer and UKIDSS (µα, µδ = −5.3± 2.7, 2.5± 5.7
and −5.1 ± 4.7, 7.4 ± 4.7 mas yr−1) and from other
astrometric catalogs (Roeser et al. 2010) are inconsistent
with membership (Section 3.1). ITG 1 is probably in
the background of Taurus based on its small proper
motion, possibly a dusty evolved star. The reasons for
rejecting LH 0419+15 were described in Section 2.1.
As discussed in Section 2.1, we have adopted
three candidates from Kraus et al. (2017)
as members of Taurus, consisting of 2MASS
J04244815+2643161, 2MASS J05080816+2427150,
and 2MASS J04355683+2352049. We have also
included 2MASS J04390453+2333199, 2MASS
J04354778+2523436, and 2MASS J04225416+2439538
in our list of members. They were classified as new
members by Aberasturi et al. (2014) based on their
proper motions, spectroscopic indicators of youth, and
positions in CMDs. As mentioned in Section 2.1, the
Gaia parallax of DR Tau differs significantly from the
parallaxes of other known members. We retain it in our
catalog of members for the purposes of this study, but
its membership should be reassessed with the proper
motion and parallax from the next data release of Gaia.
In Table 1, we list the 409 previously known members
of Taurus and the 18 new members presented in this
study (Section 4). Binaries that are not resolved in any
of our photometric catalogs (Section 3.2) appear as a
single entry.
3. IDENTIFICATION OF CANDIDATE MEMBERS OF
TAURUS
3.1. Proper Motions
3.1.1. Spitzer
A large portion of Taurus has been imaged with the
Infrared Array Camera (IRAC; Fazio et al. 2004) on
the Spitzer Space Telescope. Those data have been pre-
viously used to classify the circumstellar disks of the
known members (Hartmann et al. 2005b; Luhman et al.
2006, 2010; Guieu et al. 2007; Esplin et al. 2014) and
to search for new disk-bearing members (Luhman et al.
2006, 2009a,b; Rebull et al. 2010). Because the IRAC
images have been obtained at multiple epochs that span
nearly a decade, they can be used to search for new mem-
bers based on proper motions. These data are well-suited
for detecting low-mass brown dwarfs in Taurus given that
such objects are brightest at IR wavelengths and extinc-
tion is low in the IRAC bands.
IRAC contains four 256×256 arrays and four broad-
band filters centered at 3.6, 4.5, 5.8, and 8.0 µm, which
are denoted as [3.6], [4.5], [5.8], and [8.0]. Each array has
a plate scale of 1.′′2 pixel−1, corresponding to a field of
view of 5.′2 × 5.′2. Point sources within the images have
a FWHM of 1.′′6–1.′′9 for [3.6]–[8.0]. Following its launch
in August 2003, Spitzer was initially cooled with liquid
helium. That cryogenic phase of Spitzer ended in May
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2009 when the helium was depleted. IRAC has continued
to operate with the [3.6] and [4.5] bands.
We have retrieved from the Spitzer archive all [3.6]
and [4.5] images for areas that were imaged at multiple
epochs that spanned several years. In Table 2, we list
the Astronomical Observing Requests (AORs), program
identifications (PIDs), and principle investigators (PIs)
for these observations in Table 2. The spatial coverages
of the six largest maps are shown in Figure 6. Addi-
tional details regarding the observations from the cryo-
genic phase (e.g., exposure times) are compiled by Luh-
man et al. (2010). The one set of observations from the
post-cryogenic phase consists of mosaics in which the in-
dividual images have exposure times of 10.4 s and dither
steps of 100′′, resulting in nine frames per position for a
given band.
We measured astrometry for all sources in the IRAC
images using the methods described in Esplin & Luh-
man (2016) and Esplin et al. (2017). In summary, we 1)
measured positions, fluxes (Fν), and signal-to-noise ra-
tios (S/N’s) using the point response function fitting rou-
tine in the Astronomical Point source EXtractor (APEX;
Makovoz & Marleau 2005), 2) corrected those positions
for distortion, 3) iteratively refined the relative offsets
and orientations between individual frames, and 4) mea-
sured astrometry for each source that was detected in at
least three frames among the [3.6] and [4.5] data. Be-
cause the astrometry was unreliable for the brightest
stars that were near saturation, we rejected detections
with Fν/(exposure time) > 0.73 and >0.82 Jy/s in [3.6]
and [4.5], respectively.
For each IRAC source, a relative proper motion was
calculated by applying a linear fit to the measurements
of right ascension and declination as a function of time.
As done in Esplin et al. (2017) for Chamaeleon I, we es-
timated the 25%, 50%, and 75% quantiles in the errors
in µα and µδ as a function of S/N in the final epoch
at [3.6] by applying local linear quantile regression with
the function lprq in the R package quantreg (Koenker
2016). At S/N≥100, the median errors for both µα and
µδ are 2.5 mas yr
−1, and 50% of those errors are between
1.9–3.7 mas yr−1. The errors increase with lower S/N,
reaching a median value of 25 mas yr−1 at S/N=3. At
that S/N, 50% of the errors are between 17–38 mas yr−1.
To minimize the number of contaminants while maxi-
mizing the number of known Taurus members in our
proper motion catalog, we only considered motions in
which the errors in both µα and µδ are ≤10 mas yr−1.
We also omitted measurements with S/N<5.5 and 7.0
in [3.6] and [4.5], respectively, so that at least 25% of
sources above these limits in S/N have errors less than
10 mas yr−1. The faintest objects that satisfy these cri-
teria have [3.6] ∼ 17 and [4.5] ∼ 16.6, which corresponds
to K ∼ 18 for members of Taurus. In Table 1, we list
the resulting proper motions that are available for 165
members of Taurus. Those motions are plotted in Fig-
ure 7, where we include contours that represent all other
sources with IRAC motions.
To design proper motion criteria for selecting candidate
members of Taurus, we began by estimating the intrinsic
spread in proper motions within the Taurus population
using the highly accurate proper motions that are avail-
able for 16 known members from the first data release
of the Gaia mission (Gaia Collaboration et al. 2016a,b).
As shown in Figure 1, those motions do exhibit a spread
that is significantly larger than the errors in the measure-
ments, and most of them are contained within a radius
of 10 mas yr−1. Therefore, for each source of proper
motions employed in our survey (IRAC, UKIDSS, etc.),
we identify candidate members based on proper motions
that have 1 σ errors that overlap with the range of mo-
tions defined by a radius of 10 mas yr−1 from the median
value of the motions of the known members. That thresh-
old is indicated in Figure 7 for each catalog of proper
motions. The IRAC proper motion of one known mem-
ber, XEST 08-047, fails our criterion for selecting new
candidates, but only by a small margin. Its motion from
Roeser et al. (2010) is consistent with membership, so we
retain it as a member. We note that Best et al. (2017)
measured a motion for 2MASS J04373705+2331080 that
was discrepant from the known members by 2 σ, but the
motion measured with IRAC is consistent with member-
ship.
3.1.2. UKIDSS
The UKIDSS survey has imaged large sections of Tau-
rus in five bands (ZY JHK), as illustrated in Figure 8.
The K-band images exhibit S/N=10 at K ∼ 17.5, which
is roughly comparable to the IRAC images in terms
of sensitivity to brown dwarfs in Taurus. Some areas
of Taurus were observed by UKIDSS at epochs that
spanned several years, which enabled the measurement
of proper motions. Therefore, we have made use of the
proper motions from data release 10 of UKIDSS that
are available within a large area encompassing nearly all
of the known members of Taurus, which we defined as
α = 4h to 5h10m and δ = 15◦ to 31◦ (J2000). As with the
IRAC proper motions, we have excluded UKIDSS mo-
tions with errors >10 mas yr−1 in µα or µδ. We also have
omitted measurements for stars with Ks < 11.5 because
of saturation. UKIDSS motions that satisfy those criteria
are available for 17 known Taurus members (includes new
members). Those motions are presented in Table 1 and
Figure 7. They have median errors of ∼5 mas yr−1 in µα
and µδ. We examined the UKIDSS images of those mem-
bers for blending with neighboring stars, which might
affect the proper motion measurements, but all of them
appeared as unblended point sources. One of these stars,
2MASS J04414825+2534304, has a UKIDSS motion that
is discrepant from the 10 mas yr−1 radius threshold in
Figure 7 by more than 1 σ, but its motions from IRAC
and the combination of 2MASS and PS1 (Section 3.1.4)
are consistent with membership.
3.1.3. 2MASS and Gaia
In its first data release, the Gaia all-sky survey has pro-
vided photometry in a broad optical band (G) and single-
epoch positions for stars with G . 20 and measurements
of parallaxes and proper motions for stars with G . 12.
The former set of measurements reaches Taurus members
as late as ∼M9 and as faint as K ∼ 14. 2MASS offers
slightly better sensitivity to members of Taurus and it
was conducted more than a decade prior to Gaia. There-
fore, we can use proper motions based on the combina-
tion of Gaia and 2MASS to help search for new substellar
members of Taurus. We have measured proper motions
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for sources projected against Taurus (i.e., α = 4h–5h10m,
δ = 15–31◦) with the single-epoch positions from Gaia
and the astrometry from the 2MASS Point Source Cat-
alog for sources detected by both surveys. We have ex-
cluded measurements with errors >10 mas yr−1 in either
component of the proper motion. In Figure 7, we have
indicated the 10 mas yr−1 radius threshold used for iden-
tifying candidate members based on the 2MASS/Gaia
motions.
For each Taurus member that was detected by both
Gaia and 2MASS, we have inspected the 2MASS im-
ages to check whether the object was blended noticeably
with other stars. If it did not appear as a single point
source, we ignored its 2MASS/Gaia proper motion mea-
surement. We also discarded proper motions for mem-
bers that were unresolved by 2MASS but resolved as
multiple objects by Gaia. The resulting 2MASS/Gaia
motions for 210 known Taurus members are included in
Table 1 and Figure 7. For those members, the median
errors in µα and µδ are ∼4 mas yr−1. Thirteen members
are discrepant by > 1 σ from the 10 mas yr−1 radius
criterion in Figure 7, but all of them have motions from
other catalogs that are consistent with membership.
3.1.4. 2MASS and Pan-STARRS1
The PS1 3pi survey obtained images of nearly all ar-
eas of sky at δ & −30◦ in five bands (grizyP1, Tonry
et al. 2012) at several epochs between 2009 and 2014
(Chambers et al. 2016). The first data release of PS1
has provided photometry and astrometry measured from
coadditions of the multiple epochs in the 3pi survey. The
stacked images in the bands at the longest wavelengths
are capable of detecting members of Taurus at K . 15.5,
corresponding to spectral types of early L. We have mea-
sured proper motions for sources projected against Tau-
rus using the astrometry from PS1 and 2MASS. To avoid
saturated detections, we only considered PS1 sources for
which all bands were fainter than 15 mag. As with
the other sources of proper motions in our survey, we
have excluded 2MASS/PS1 measurements that have er-
rors >10 mas yr−1.
We list 2MASS/PS1 motions for 195 known members
of Taurus in Table 1. We do not report measurements
for members that are blended noticeably with other stars
in the 2MASS or PS1 images. We retain measurements
for members that are known to be multiple systems but
that are unresolved by 2MASS or PS1. The values of µα
and µδ in Table 1 have median errors of slightly more
than ∼4 mas yr−1. The 2MASS/PS1 motions for known
members are shown in Figure 7 with the 10 mas yr−1
radius threshold for identifying new candidate members.
That criterion is not satisfied by 16 known members, but
most of them have motions in other catalogs that are con-
sistent with membership. The remaining source, 2MASS
J04574903+3015195, is discrepant by only slightly more
than 1 σ and shows strong evidence of youth in its spec-
trum, so we retain it as a member for the purposes of
this study.
We note that WISE also has measured astrometry
across our entire survey field, but we did not include
those data in our proper motion measurements since
the WISE images have lower resolution than the other
sources of astrometry that we have considered.
3.2. Color-magnitude Diagrams
To further refine our candidate members of Taurus se-
lected by proper motions and to search for additional
candidates that may lack such data, we have constructed
CMDs from several bands of optical and IR photometry.
As with the proper motion measurements, we have con-
sidered photometry for objects at α = 4h–5h10m and
δ = 15◦–31◦. These data consist of G from the first data
release of Gaia, JHKs from the 2MASS Point Source
Catalog, ZY JHK from data release 10 of UKIDSS, W1
and W25 from the AllWISE Source Catalog, riz from
data release 13 of the Sloan Digital Sky Survey (SDSS;
Albareti et al. 2016), rizyP1 from the first data release
of PS1 (Flewelling et al. 2016), and [3.6] and [4.5] from
all IRAC observations of Taurus prior to 2010, which
were processed during the study of Luhman et al. (2010).
Additional bands are available from some of these cat-
alogs, but they are not sensitive to low-mass members
of Taurus. Some of the surveys offer multiple options
of photometry for a given band. We adopted the 1′′
radius aperture magnitudes from UKIDSS, the point-
spread-function (PSF) magnitudes from SDSS, and the
PSF magnitudes from the stacked images in PS1. To
avoid erroneous photometry of saturated stars, we did
not use any PS1 measurements brighter than 15 mag
and we excluded UKIDSS data at J < 11, H < 11.5,
and Ks < 10.5. The Z and Y data from UKIDSS were
also omitted for J < 11. For stars observed at two epochs
in K by UKIDSS, we adopted the average of those mea-
surements.
We identified all matches among the sources from
the various catalogs. When merging the photome-
try from different sources, we treated the following fil-
ters as the same: JHKs(2MASS)/JHK(UKIDSS) and
ri(SDSS)/riP1. When both 2MASS and UKIDSS data
were available for a star, we adopted the 2MASS mea-
surement if its error was ≤0.06. Otherwise, we adopted
the UKIDSS photometry. If a star was detected in both
SDSS and PS1 for r or i, we adopted the PS1 measure-
ment. The bands Z(UKIDSS)/zP1 and Y (UKIDSS)/yP1
are sufficiently different that they are used separately in
our CMDs. We found that the z photometry from SDSS
did not provide significant added value in identifying can-
didates beyond the data in Z(UKIDSS) and zP1, so those
measurements are not included in our CMDs.
In most of our CMDs, we have selected Ks (or K) for
the vertical axis and have used colors that contain that
band because it offers the greatest sensitivity to low-mass
members of Taurus (as well as low extinction) among
the available options. The one exception is a diagram
of W1 versus W1 −W2. As done in our previous sur-
veys of this kind (e.g., Luhman et al. 2003), we have
corrected the data in the CMDs for extinction, which re-
duces contamination of background stars in the areas of
the diagrams inhabited by Taurus members. We have
estimated the extinction for each star by dereddening
its data in near-IR CMDs to the typical locus of young
stars at the distance of Taurus. In H versus J −H, we
define the locus as [J − H = 0.68] for H < 13.0 and
[J − H = 0.128 × H − 0.984] for H ≥ 13.0. Stars that
lack data in H were dereddened in Ks versus J − Ks
5 WISE obtained images in bands at 3.5, 4.5, 12, and 22 µm,
which are denoted as W1, W2, W3, and W4, respectively.
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to a locus defined by [J − Ks = 1] for Ks < 14.5 and
[J − Ks = 0.3 × Ks − 3.35] for Ks ≥ 14.5. For sources
that lack the data necessary for either of those extinc-
tion estimates, no correction is applied to their data. For
those stars, one could instead adopt the values inferred
from extinction maps (e.g., Dobashi et al. 2005), but such
estimates would have large uncertainties because of the
low resolution of those maps, and they would be over-
estimated for Taurus members, most of which are not
subject to the total extinction through the clouds. Since
the Taurus dark clouds cover only a small fraction of our
survey field (Figure 4), most stars in our CMDs exhibit
negligible extinction (AJ < 0.1). Near the clouds, the ex-
tinction estimates are concentrated at AJ < 1 and reach
as high as AJ ∼ 7. When correcting the photometry for
extinction, we have adopted the reddening relations from
Schlafly et al. (2016), A3.6 = 0.6 AK (Xue et al. 2016,
references therein), and AH/AK = 1.55 (Indebetouw et
al. 2005). The resulting extinction-corrected CMDs for
Taurus are shown in Figure 9. In each CMD, we have se-
lected a boundary that follows the lower envelope of the
sequence of known members. We have identified stars as
photometric candidate members if they appear above a
boundary in any diagram and do not fall below a bound-
ary in any diagram.
4. SPECTROSCOPY OF TAURUS CANDIDATES
4.1. Observations
We have pursued spectroscopy of an initial sample of
our candidate members of Taurus so that we can deter-
mine whether they are likely to be members based on
their spectral types and gravity-sensitive features. Dur-
ing the selection of these targets, we gave higher priority
to candidates that were identified with both CMDs and
proper motions, appear in multiple CMDs, are located
within a few degrees of known members, and have CMD
positions that are indicative of later spectral types. For
a given object, if the proper motion from one source sup-
ported membership but the motion from another source
was inconsistent with membership, we still treated it as
a viable candidate.
We obtained near-IR spectra of 25 candidates with
SpeX (Rayner et al. 2003) at the NASA Infrared Tele-
scope Facility (IRTF). The instrument was operated in
the prism mode with the 0.′′8 slit (0.7–2.5 µm, R=150).
We also observed nine additional candidates with the
Gemini Near-Infrared Spectrograph (GNIRS; Elias et al.
2006) in the cross-dispersed mode with the 31.7 l mm−1
grating and the 0.′′67 slit (0.8–2.5 µm, R=800). The dates
of these observations are listed in Table 3. The SpeX
data were reduced with the Spextool package (Cushing
et al. 2004) and corrected for telluric absorption with the
methods from Vacca et al. (2003). The GNIRS data were
reduced in a similar manner with routines in IRAF. To
increase the S/N of the GNIRS spectra, we binned them
in 25 pixel increments, producing a resolution compara-
ble to that of the SpeX data.
4.2. Spectral Classifications
We have used our near-IR spectra to measure spec-
tral types for the candidates and to assess whether they
are likely to be members of Taurus. Based on the pho-
tometry of these candidates, they should have spectral
types of mid-M or later if they are Taurus members. Six
candidates lack steam absorption bands, indicating that
they are earlier than ∼M0, and thus are likely reddened
background stars. For the remaining 28 candidates that
do show those absorption bands, we have assessed their
ages, and thus their membership in Taurus, using spec-
tral features that are sensitive to surface gravity, such
as the shape of the H-band continuum and the strength
of the FeH band at 0.99 µm (Lucas et al. 2001). These
objects were compared to both standards for field dwarfs
(Cushing et al. 2005; Rayner et al. 2009) and standards
for ages of . 10 yr (Luhman et al. 2017). Four candi-
dates are best matched by the field dwarf standards and
24 candidates show evidence of youth. Eighteen of the
young objects have gravity-sensitive features that agree
closely with those of known members of Taurus (Luhman
et al. 2017, references therein) and have Ks data that are
consistent with other Taurus members near their types
(Figure 5), so they are treated as confirmed members.
Their spectra are shown in Figure 10.
We classify six of the young objects as likely non-
members for the following reasons. Four of the candi-
dates exhibit less triangular H-band continua (2MASS
J04252314+1735150, 2MASS J04095154+2000428) or
stronger FeH absorption (2MASS J04175948+2521283,
2MASS J04263219+1800280) than members of Taurus,
indicating somewhat older ages (see Figure 11). All
six candidates are unusually faint for Taurus members
at their spectral types, as shown in Figure 5. None
of them have mid-IR excess emission that would in-
dicate the presence of circumstellar material, so their
faint positions in that diagram cannot be explained by
edge-on disks. All but one of the six objects (2MASS
J04095154+2000428) have proper motions that are in
the outskirts of the distribution of motions for known
members (Figure 7), one of which fails the criteria
used for selecting candidates with UKIDSS motions.
Finally, all but one of those six candidates (2MASS
J04175948+2521283) are far from known members of
Taurus (Figure 4).
Our classifications of the 34 spectroscopic targets are
presented in Table 3.
Several of our new objects are among the faintest
known members of Taurus, as illustrated in the diagram
of extinction-corrected Ks versus spectral type in Fig-
ure 5. For instance, our sample includes the four faintest
known members and eight of the 10 faintest ones in
extinction-correctedKs. Assuming an age of 1 Myr and a
Ks-band bolometric correction for young late-M/early-L
objects (Filippazzo et al. 2015), the faintest new mem-
bers should have masses near 4–5 MJup according to evo-
lutionary models (Burrows et al. 1997; Chabrier et al.
2000; Baraffe et al. 2015).
5. CIRCUMSTELLAR DISKS AMONG NEW TAURUS
MEMBERS
Luhman et al. (2010) and Esplin et al. (2014) presented
the most recent compilations of mid-IR photometry from
Spitzer and WISE for the known members of Taurus.
They used those data to identify and classify circumstel-
lar disks. Roughly 2/3 of the known members exhibited
mid-IR excess emission that indicated the presence of a
disk. In their sample of members, Esplin et al. (2014)
included the new members from Luhman et al. (2017)
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with the exception of 2MASS J04344586+2445145, which
was mistakenly omitted. In Table 4, we have compiled
Spitzer and WISE data for that star, the three new mem-
bers from Aberasturi et al. (2014), the three stars from
Kraus et al. (2017) that we have adopted as members,
and the new members from our study. One of our new
members, UGCS J045210.35+303734.3, is absent from
Table 4 since it was not observed by Spitzer and it was
not detected by WISE. For Spitzer, we have considered
the four bands of IRAC and the 24 µm band from the
Multiband Imaging Photometer for Spitzer (MIPS; Rieke
et al. 2004), which is denoted as [24]. The Spitzer data
were measured in the manner described by Luhman et
al. (2010). The WISE data are from the AllWISE Source
Catalog.
To determine whether the stars in Table 4 exhibit
evidence of disks in their mid-IR photometry, we be-
gin by plotting Ks − W3, Ks − W4, and Ks − [24] as
a function of spectral type in Figure 12 for the stars
that have detections in W3, W4, or [24]. For com-
parison, we have included previously known members
of Taurus within that range of spectral types and es-
timates for the typical intrinsic photospheric colors of
young stars (K. Luhman, in preparation). Among the
sources in Table 4, 2MASS J04492210+2911124 (M8.5)
and 2MASS J05080816+2427150 (K5) show significant
color excesses relative to photospheric colors in Figure 12.
In their survey for disk-bearing members of Taurus using
WISE data, Esplin et al. (2014) did not identify 2MASS
J04492210+2911124 as a candidate because its photo-
metric error in W3 is slightly larger than the threshold
that was adopted when selecting data to consider. They
did select 2MASS J05080816+2427150 as a disk candi-
date based on W1 − W4, but they found that it was
heavily blended with another star in the WISE Atlas
Image at W4, so that excess was ignored. However, the
Atlas Images were artificially blurred, whereas the ver-
sions produced by Lang (2014) and Meisner et al. (2017)
retain the intrinsic resolution of the original data. In the
W4 image of 2MASS J05080816+2427150 from the lat-
ter studies, the two stars are sufficiently resolved that we
now accept the W4 excess as reliable. As shown in Fig-
ure 12, 2MASS J05080816+2427150 also has an excess
in W3. Even the lower resolution Atlas Image indicates
that the W3 measurement should have little contamina-
tion from the neighboring star, but that excess was not
noticed by Esplin et al. (2014) because W1 − W3 was
just below their threshold for identifying candidates.
We have also examined the IRAC photometry in Ta-
ble 4 for color excesses. In Figure 13, we show Ks− [5.8],
Ks − [8.0], [3.6]− [5.8], and [3.6]− [8.0] as a function of
spectral type for objects from Table 4 that have detec-
tions in [5.8] or [8.0]. Among those sources with accu-
rate spectral classifications, 2MASS J04204301+2810364
(M9.25) and 2MASS J04320157+1815229 (M9.5) exhibit
excesses at [5.8] and [8.0] relative to the photospheric
colors. Two of the members with larger errors in their
types, UGCS J043354.07+225119.1 (M9–L2) and UGCS
J042201.36+265512.1 (M9–L3), are significantly redder
than stellar photospheres at ≤L0, but since the photo-
spheric colors are ill-defined at >L0 for ages of a few
Myr, it is unclear whether color excesses are present.
Additional data (i.e., detections at longer wavelengths)
are needed to determine if these two objects harbor cir-
cumstellar disks.
We comment briefly on the mid-IR colors of the pre-
viously known L0 member 2MASS J04373705+2331080.
Luhman et al. (2009b) found that it is only slightly red-
der than young L0 dwarfs in the field, so they concluded
that its colors were probably entirely photospheric rather
than containing excesses from a disk. However, it does
exhibit significant excesses at both [5.8] and [8.0] rela-
tive to our adopted photospheric sequences, which were
estimated from the bluest known members of Taurus,
Chamaeleon I, Upper Sco, IC 348, and the TW Hya as-
sociation. There are two possible explanations for those
red colors for 2MASS J04373705+2331080: it does have
a disk, or the photospheres of young &L0 objects at a
given age have a large spread in their mid-IR colors. As
with our new &L0 members, additional photometry at
longer wavelengths is necessary for determining whether
2MASS J04373705+2331080 has a disk.
6. SPECTROSCOPY OF PERSEUS CANDIDATES
In a recent survey for new members of IC 348 and
NGC 1333 in Perseus, Luhman et al. (2016) used CMDs,
proper motions, and other indicators of membership to
identify candidate members of the clusters. They ob-
tained spectra of some of those candidates to measure
their spectral types and determine if they were mem-
bers. We have done the same for nine additional candi-
dates from the CMDs in Luhman et al. (2016). We have
also performed spectroscopy on source 48 from Oasa et
al. (2008), which is a candidate companion to a known
member of NGC 1333, and [SVS76] NGC 1333 7, which is
a probable member of NGC 1333 that was excluded from
the census in Luhman et al. (2016) because its spectral
classification was uncertain.
We obtained near-IR spectra of the 11 candidates in
IC 348 and NGC 1333 with SpeX and GNIRS. The data
were collected, reduced, and classified in the same man-
ner as the SpeX and GNIRS spectra of the candidates
in Taurus except for [SVS76] NGC 1333 7, which was
observed with the SXD mode of SpeX (R = 750). In Ta-
ble 5, we list the spectral types, extinctions derived from
the spectra, membership assessments, spectrographs,
and observing dates for nine of the candidates. The re-
maining two candidates, IC 348 IRS J03443631+3205066
and NGC 1333 IRS J03293317+3125495, are not in-
cluded in Table 5 since the S/N’s in their spectra (from
GNIRS) were too low for classification. The spectra of
LRL 595 and LRL 596 have insufficient S/N to defini-
tively determine whether they are young, but they are
better matched by young objects than field dwarfs, so
we tentatively treat them as members of IC 348. As in-
dicated in Table 5, two and six candidates in IC 348 and
NGC 1333 are classified as members, respectively, which
results in a total of 480 and 209 known members when
combined with the members compiled by Luhman et al.
(2016). We show the spectra of the eight new members
in Figure 14.
To illustrate how the new members of IC 348 and
NGC 1333 compare to previously known members in
terms of magnitude and reddening, we have plotted dia-
grams of Ks versus H −Ks with the previously known
and new members in Figure 15. Three of the new mem-
bers of these clusters are among the faintest known mem-
bers, and hence are contenders for the least massive
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known members (∼ 5 MJup). J03291180+3122036 is
much fainter than other members of NGC 1333 near
its spectral type (M6), which indicates that it may be
occulted by a circumstellar disk and seen in scattered
light. We cannot check whether it exhibits the mid-
IR excess emission expected from a disk because it is
projected against the bright extended emission that sur-
rounds [SVS76] NGC 1333 3, which prevents a detection
in images from Spitzer.
7. CONCLUSIONS
We have begun a survey for planetary-mass brown
dwarfs in the Taurus star-forming region, and we have
continued a previous survey for such objects in the IC 348
and NGC 1333 clusters in Perseus (Luhman et al. 2016).
Our results are summarized as follows.
1. Luhman et al. (2017) recently presented a com-
pilation of known members of Taurus. We have
applied revisions to that list by rejecting probable
non-members and adding stars that exhibit suffi-
cient evidence of membership from previous stud-
ies. While identifying stars to include as members,
we examined the 82 candidates from Kraus et al.
(2017) that were absent from the list in Luhman et
al. (2017). We have adopted three of those can-
didates as members because they are similar to
the known members in terms of ages, kinematics,
and distances (when available). Most of the can-
didates from Kraus et al. (2017) that have Gaia
parallaxes and proper motions are distinct from
the known members in those parameters, indicat-
ing that they represent a different stellar popula-
tion. We have also considered two objects that
were classified as L-type members of Taurus by
Best et al. (2017). We find that the spectra of
both objects are best matched by young standards
at M9.25. Although they are clearly young, neither
of them shows strong evidence of membership, and
they instead may be intermediate-age (>10 Myr)
non-members.
2. We have identified candidate members of Tau-
rus using proper motions and photometry from
a variety of sources (Spitzer, 2MASS, Gaia, PS1,
UKIDSS, SDSS, WISE). We have performed near-
IR spectroscopy on some of the more promising
candidates, confirming 18 of them as new mem-
bers. They exhibit spectral types ranging from
M4 to early L, and they include the four faintest
known members in extinction-corrected Ks. The
faintest new member should have a mass of roughly
4–5 MJup according to evolutionary models.
3. Two of the coolest new Taurus members (M9.25,
M9.5) have mid-IR excess emission, which indicates
the presence of circumstellar disks. Two additional
members from our survey (M9–L2, M9–L3) also ex-
hibit red mid-IR colors relative to the photospheric
values at ≤L0, but it is unclear whether they have
disks given the uncertainties in their spectral types
and the ill-defined nature of mid-IR colors of young
photospheres later than L0.
4. We have obtained near-IR spectra of candidate
members of the IC 348 and NGC 1333 clusters in
Perseus from Luhman et al. (2016). Eight of these
candidates are classified as new members, three
of which are among the faintest and least-massive
known members (∼ 5 MJup).
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TABLE 1
Proper Motions of Taurus Members
Column Label Description
Name Source namea
OtherNames Other source names
IRACpmRA IRAC relative proper motion in right ascension
e IRACpmRA Error in IRAC pmRA
IRACpmDec IRAC relative proper motion in declination
e IRACpmDec Error in IRAC pmDec
UKIDSSpmRA UKIDSS relative proper motion in right ascension
e UKIDSSpmRA Error in UKIDSS pmRA
UKIDSSpmDec UKIDSS relative proper motion in declination
e UKIDSSpmDec Error in UKIDSS pmDec
2MGaiapmRA 2MASS/Gaia proper motion in right ascension
e 2MGaiapmRA Error in 2MGaia pmRA
2MGaiapmDec 2MASS/Gaia proper motion in declination
e 2MGaiapmDec Error in 2MGaia pmDec
2MPS1pmRA 2MASS/PS1 proper motion in right ascension
e 2MPS1pmRA Error in 2MPS1 pmRA
2MPS1pmDec 2MASS/PS1 proper motion in declination
e 2MPS1pmDec Error in 2MPS1 pmDec
Note. — This table is available in its entirety in a machine-readable form
in the online journal.
a Coordinate-based identifications from the 2MASS Point Source Catalog
when available. Otherwise, identifications are from the UKIDSS DR10 Cat-
alog or the AllWISE Source Catalog.
12 Esplin & Luhman
TABLE 2
IRAC Observations of Taurus
AOR PID PI epoch
3653120 6 G. Fazio 2004.8
3653376 6 G. Fazio 2005.1
3653632 6 G. Fazio 2005.1
3653888 6 G. Fazio 2005.1
3962880 37 G. Fazio 2005.1
Note. — This table is available in
its entirety in machine-readable form.
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TABLE 3
Spectral Types for Candidate Members of Taurus
Name Spectral Typea AJ Instrument Date Ks Ref
New Members
2MASS J04110081+2717163 M9.5 0 SpeX 2017 Jan 14 14.36± 0.06 2MASS
2MASS J04143062+2807020 M6 5.3 SpeX 2015 Dec 15 11.56± 0.03 2MASS
2MASS J04184530+2758484 M9.25 0.15 GNIRS 2015 Nov 26 15.10± 0.01 UKIDSS
2MASS J04195040+2820485 L0 0 GNIRS 2015 Dec 31 15.61± 0.02 UKIDSS
2MASS J04204301+2810364 M9.25 0.15 GNIRS 2015 Dec 5 15.18± 0.01 UKIDSS
2MASS J04210749+2703022 M5–M7 8.7 SpeX 2015 Dec 15 12.80± 0.03 2MASS
UGCS J042201.36+265512.1 M9–L3 0–1.5 GNIRS 2016 Jan 1 15.84± 0.02 UKIDSS
2MASS J04274951+2738155 M9.5 0.29 SpeX 2015 Dec 15 14.55± 0.01 UKIDSS
2MASS J04281566+2711110 M5.5 0.06 SpeX 2017 Jan 14 11.09± 0.02 2MASS
2MASS J04320157+1815229 M9.5 0.58 GNIRS 2016 Oct 1 15.11± 0.01 UKIDSS
UGCS J043354.07+225119.1 M9–L2 0–1.2 GNIRS 2016 Jan 3 15.88± 0.02 UKIDSS
2MASS J04360678+2425500 M9.5 0 GNIRS 2016 Oct 15 15.23± 0.02 UKIDSS
2MASS J04372171+2651014 M4 0.09 SpeX 2017 Jan 14 10.39± 0.02 2MASS
2MASS J04401447+2729112 M7.25 0.03 SpeX 2017 Jan 14 13.33± 0.04 2MASS
2MASS J04492210+2911124 M8.5 0 SpeX 2017 Jan 14 13.84± 0.04 2MASS
UGCS J045210.35+303734.3 M9.5 0.29 SpeX 2017 Jan 14 15.40± 0.01 UKIDSS
2MASS J04565141+2939310 M7 0 SpeX 2017 Jan 14 12.75± 0.02 2MASS
2MASS J05044950+2510187 L0 0.78 SpeX 2017 Jan 13 15.07± 0.01 UKIDSS
Non-members
2MASS J04095154+2000428 young M8.25 0.09 SpeX 2017 Jan 14 14.38± 0.05 2MASS
2MASS J04143323+2806263 <M0 · · · SpeX 2016 Jan 4 14.23± 0.04 2MASS
2MASS J04173111+2957305 young M5 0.29 SpeX 2017 Jan 14 12.38± 0.03 2MASS
2MASS J04175948+2521283 young M5.5 0.55 SpeX 2017 Jan 14 12.61± 0.02 2MASS
2MASS J04181651+2820036 <M0 · · · SpeX 2015 Dec 15 13.97± 0.04 2MASS
2MASS J04183668+2723378 <M0 · · · GNIRS 2016 Oct 9 15.69± 0.02 UKIDSS
2MASS J04252314+1735150 young M8 0 SpeX 2017 Jan 13 13.75± 0.04 2MASS
2MASS J04263219+1800280 young M5.5 0.20 SpeX 2017 Jan 14 12.63± 0.02 2MASS
2MASS J04294326+2429000 <M0 · · · SpeX 2015 Dec 15 13.30± 0.03 2MASS
2MASS J04323814+2258149 M0–M4V · · · SpeX 2015 Dec 15 14.28± 0.01 UKIDSS
2MASS J04331507+2912364 M4V 0.44 SpeX 2017 Jan 14 12.28± 0.02 2MASS
UGCS J043529.68+240913.2 <M0 · · · GNIRS 2016 Oct 15 15.65± 0.02 UKIDSS
2MASS J04414141+2602092 <M0 · · · SpeX 2015 Dec 15 13.84± 0.06 2MASS
2MASS J04521584+1517517 young M5.5 0.15 SpeX 2017 Jan 14 12.38± 0.03 2MASS
2MASS J04550794+3004519 L3V · · · SpeX 2017 Jan 13 15.47± 0.01 UKIDSS
2MASS J04571245+2713065 M4V · · · SpeX 2017 Jan 14 12.47± 0.03 2MASS
a Uncertainties are ±0.5 subclass unless indicated otherwise.
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TABLE 4
Mid-IR Photometry for Members of Taurus Adopted Since Esplin et al. (2014)
Name W1 W2 W3 W4 [3.6] [4.5] [5.8] [8.0] [24] Excess?
(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)
2MASS J04110081+2717163 13.92± 0.03 13.52± 0.03 12.37± 0.52a >8.94 out out out out out N
2MASS J04143062+2807020 10.92± 0.02 10.23± 0.02 10.15± 0.10 >8.63 10.61± 0.02 10.24± 0.02 10.01± 0.03 10.04± 0.03 out N
2MASS J04184530+2758484 14.59± 0.03 14.00± 0.06 >12.14 >8.67 14.30± 0.03 14.10± 0.03 13.88± 0.07 · · · · · · N
2MASS J04195040+2820485 15.06± 0.04 14.63± 0.08 >12.07 >8.00 14.85± 0.03 14.57± 0.04 14.40± 0.10 · · · · · · N
2MASS J04204301+2810364 14.57± 0.03 14.04± 0.06 >11.90 >8.60 14.35± 0.03 13.94± 0.03 13.64± 0.06 13.58± 0.09 · · · Y
2MASS J04210749+2703022 11.81± 0.02 10.79± 0.02 10.68± 0.15 >8.51 11.24± 0.02 10.84± 0.02 10.52± 0.03 10.47± 0.03 9.04± 0.31 N
UGCS J042201.36+265512.1 15.04± 0.04 14.32± 0.08 >11.40 >8.39 14.65± 0.02 14.23± 0.02 13.75± 0.03 13.30± 0.04 · · · Y?
2MASS J04225416+2439538 8.55± 0.03 8.28± 0.02 8.15± 0.02 7.64± 0.19 8.37± 0.02 8.23± 0.02 8.28± 0.03 8.23± 0.03 8.04± 0.06 N
2MASS J04244815+2643161 6.73± 0.03 7.30± 0.02 7.22± 0.03 7.18± 0.20a 7.45± 0.02 7.39± 0.02 7.38± 0.03 7.35± 0.03 7.24± 0.04 N
2MASS J04274951+2738155 14.07± 0.03 13.68± 0.04 >11.66 >8.64 13.78± 0.02 13.60± 0.02 13.57± 0.06 13.61± 0.08 · · · N
2MASS J04281566+2711110 10.84± 0.02 10.59± 0.02 10.16± 0.08 >8.49 10.67± 0.02 10.61± 0.02 10.66± 0.03 10.57± 0.03 · · · N
2MASS J04320157+1815229 14.55± 0.03 13.93± 0.06 11.40± 0.34a 8.37± 0.52a 14.23± 0.03 13.88± 0.03 13.47± 0.06 12.66± 0.05 · · · Y
UGCS J043354.07+225119.1 · · · · · · · · · · · · 14.83± 0.02 14.38± 0.02 14.06± 0.05 13.39± 0.06 · · · Y?
2MASS J04344586+2445145 11.10± 0.02 10.87± 0.02 10.60± 0.12 >8.81 10.94± 0.02 10.86± 0.02 10.82± 0.03 10.82± 0.03 · · · N
2MASS J04354778+2523436 9.22± 0.02 9.00± 0.02 8.88± 0.03 8.68± 0.47a 9.04± 0.02 9.06± 0.02 8.98± 0.03 8.95± 0.03 · · · N
2MASS J04355683+2352049 8.58± 0.02 8.47± 0.02 8.34± 0.03 8.23± 0.32a 8.54± 0.02 8.50± 0.02 8.44± 0.03 8.41± 0.03 8.33± 0.04 N
2MASS J04360678+2425500 14.65± 0.03 14.26± 0.05 >11.56 >8.89 14.38± 0.03 14.13± 0.03 14.32± 0.09 · · · · · · N
2MASS J04372171+2651014 10.28± 0.02 10.12± 0.02 10.10± 0.08 >7.99 10.22± 0.02 10.10± 0.02 10.16± 0.03 10.07± 0.03 · · · N
2MASS J04390453+2333199 9.48± 0.02 9.26± 0.02 9.15± 0.03 8.56± 0.40a 9.33± 0.02 9.24± 0.09 9.23± 0.03 · · · 9.16± 0.18 N
2MASS J04401447+2729112 13.09± 0.03 12.77± 0.03 11.76± 0.30 >8.42 out out out out out N
2MASS J04492210+2911124 13.35± 0.02 12.94± 0.03 10.70± 0.11 8.57± 0.43 out out out out out Y
2MASS J04565141+2939310 12.51± 0.02 12.23± 0.02 12.01± 0.34 >8.53 out out out out out N
2MASS J05044950+2510187 14.66± 0.03 14.32± 0.05 >12.53 >8.58 14.40± 0.02 14.30± 0.03 14.10± 0.07 14.08± 0.13 out N
2MASS J05080816+2427150 8.52± 0.02 8.29± 0.02 7.56± 0.02 5.77± 0.05 out out out out out Y
Note. — Ellipses and “out” indicate measurements that are absent because of non-detection and a position outside of the camera’s the field of view, respectively.
a Detection is false or unreliable based on visual inspection.
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TABLE 5
Spectral Types for Candidate Members of IC 348 and NGC 1333
Name Other Names Spectral Typea AJ Member? Instrument Date
IC 348
IC 348 IRS J03442843+3211105 NTC 08-202, LRL 595 M9–L4 0–1.4 Y? GNIRS 2016 Oct 9
IC 348 IRS J03443516+3211052 LRL 596 M9–L3 0–1.3 Y? GNIRS 2016 Oct 14
IC 348 IRS J03444379+3213512 LRL 22383 mid-M? 0.8 N? GNIRS 2016 Sep 28
NGC 1333
2MASS J03284022+3125490 · · · M6 3.0 Y SpeX 2017 Jan 13
NGC 1333 IRS J03285772+3118172 [OTS2008] 19 M9–L4 0–1.7 Y GNIRS 2017 Jan 8
NGC 1333 IRS J03290588+3116382 [OTS2008] 48 M5–M7 5.4 Y SpeX 2017 Jan 13
2MASS J03290964+3122564 [SVS76] NGC 1333 7 A0–A7 2.7 Y SpeX 2017 Jan 13
NGC 1333 IRS J03291180+3122036 · · · M6 1.0 Y GNIRS 2017 Jan 8
NGC 1333 IRS J03294217+3117205 · · · M9.5 0.1 Y GNIRS 2017 Jan 8
a Uncertainties are ±0.5 subclass unless indicated otherwise.
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Fig. 1.— Previously known members of Taurus adopted by Luhman et al. (2017) (filled circles) and additional candidate members from
Kraus et al. (2017) (open circles) that have Gaia parallaxes and proper motions and are within the boundaries of our survey (α = 4h–5h10m,
δ = 15–31◦). Top left: Gaia magnitude versus parallax. Most of the candidates have parallactic distances of 100–120 pc, placing them in
the foreground of the known members. One of the known members, DR Tau, exhibits a discrepant parallax relative to the other members.
Top right: extinction-corrected MK versus spectral type with model isochrones from Baraffe et al. (2015), which indicate ages of 10–40 Myr
for most of the candidates. Bottom left: Gaia proper motions. Bottom right: Offsets of the proper motions relative to the values expected
for the positions and parallaxes of the stars assuming the mean space velocity of Taurus members (Luhman et al. 2009b). The spread in
motions due to projection effects should be reduced in these offsets. In both of the bottom diagrams, most of the candidates have motions
that are distinct from those of the known Taurus members.
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Fig. 2.— Previously known members of Taurus adopted by Luhman et al. (2017) (filled circles) and additional candidate members from
Kraus et al. (2017) (open circles) that lack Gaia parallaxes (i.e., not in Figure 1) and are within the boundaries of our survey (α = 4h–
5h10m, δ = 15–31◦). Left: proper motions measured with astrometry from 2MASS/Gaia or 2MASS/PS1. For reference, we have marked
the threshold that we have applied to proper motions from these catalogs for our survey (large circle). The typical errors for these data
are indicated. Right: extinction-corrected Ks versus spectral type. Most of the members that are unusually faint for their spectral types
are occulted by circumstellar material and seen in scattered light, or they exhibit mid-IR excess emission indicating the presence of a disk,
making scattered light from an occulting disk a possibility. None of the candidates show mid-IR excesses, so those that appear below the
Taurus sequence are likely older or more distant than the known members.
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Fig. 3.— Near-IR spectra of PSO J060.3+25 and PSO J077.1+24 from Best et al. (2017) (black lines), which were proposed as members
of Taurus and were classified as L1 and L2 in that study, respectively. Those data are compared to standard spectra from M9–L2 for
ages of . 10 Myr (red lines, Luhman et al. 2017). If PSO J060.3+25 or PSO J077.1+24 was redder than a given standard spectrum, the
latter was artificially reddened to match the slope of the former. If they are members of Taurus, both objects would have types of M9.25
according to these standards. However, we find that neither object shows strong evidence of membership in Taurus (Section 2.2).
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Fig. 4.— Spatial distribution of previously known members of Taurus (filled circles), new members from this work (open circles), young
objects found in our survey that do not appear to be members (open triangles), and two candidate members from Best et al. (2017)
(crosses). The dark clouds in Taurus are displayed with a map of extinction (gray scale; Dobashi et al. 2005).
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Fig. 5.— Extinction-corrected Ks versus spectral type for the previously known members of Taurus (filled circles), new members from
this work (open circles), young objects found in our survey of Taurus that do not appear to be members (open triangles), and two candidate
members from Best et al. (2017) (crosses). The members that appear below the sequence may be seen primarily in scattered light because
of an occulting circumstellar disk, which is plausible given that they exhibit mid-IR excess emission.
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Fig. 6.— Map of the fields in the Taurus star-forming region that were imaged by IRAC at multiple epochs (Table 2). The known
members of Taurus are indicated (filled circles). The dark clouds in Taurus are displayed with a map of extinction (gray scale; Dobashi et
al. 2005).
22 Esplin & Luhman
μ δ
 (m
as 
yr−
1 )
-10 0 10 20 30
-40
-30
-20
-10
0
previous members
new members
young nonmembers
Best et al. 2017
IRAC 2MASS/Gaia
-10 0 10 20 30
UKIDSS
-10 0 10 20 30
-40
-30
-20
-10
0
2MASS/PS1
-10 0 10 20 30
μα (mas yr−1)
Fig. 7.— Relative proper motions measured with astrometry from IRAC, UKIDSS, 2MASS/Gaia, and 2MASS/PS1 for the known
members of Taurus (filled circles), new members from this work (open circles), young objects found in our survey that do not appear to
be members (open triangles), and two candidate members from Best et al. (2017) (crosses). Measurements for other sources in the images
of Taurus are represented by contours at log(number/(mas yr−1)2)=1, 1.5, 2, 2.5, 3, and 3.5. For each set of data, sources with 1 σ errors
that overlap with the large circle are identified as proper motion candidates. The typical errors are indicated in the corner of each diagram.
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Fig. 8.— Map of the fields in the Taurus star-forming region that were imaged by UKIDSS. Images in K were obtained for the entirety
of this map. The areas observed in the other bands are outlined. We also mark the regions in which UKIDSS proper motions are available.
The known members of Taurus are indicated (filled circles). The dark clouds in Taurus are displayed with a map of extinction (gray scale;
Dobashi et al. 2005).
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Fig. 9.— Extinction-corrected CMDs for previously known members of Taurus (filled circles) and new members from this work (open
circles) based on photometry from Gaia, UKIDSS, PS1, 2MASS, WISE, and Spitzer. Among other stars detected in these surveys, we have
selected candidate members based on positions above the solid boundaries.
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Fig. 10.— Near-IR spectra of new members of Taurus, which have been dereddened to match standard young brown dwarfs (Luhman
et al. 2017). These data have a resolution of R = 150. The data used to create this figure are available.
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Fig. 11.— Near-IR spectra of objects from our survey that have spectral features indicative of youth but that appear unlikely to be
members of Taurus. These data have been dereddened to match standard young brown dwarfs (Luhman et al. 2017) and have a resolution
of R = 150. The data used to create this figure are available.
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Fig. 12.— Extinction-corrected mid-IR colors as a function of spectral type for late-type members of Taurus (filled circles). The members
that have been adopted since Esplin et al. (2014) (Table 4) are plotted in red and with the errors in their colors. Two of these members
exhibit significant excess emission, which indicates the presence of circumstellar disks. We mark the intrinsic photospheric colors for young
objects (blue lines, K. Luhman, in preparation).
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Fig. 13.— Extinction-corrected mid-IR colors versus spectral type for late-type members of Taurus (filled circles). The members that
have been adopted since Esplin et al. (2014) (Table 4) are plotted in red and with the errors in their colors. Uncertainties in spectral types
are also included for the new members that are later than M9. We mark the intrinsic photospheric colors for young objects (blue lines, K.
Luhman, in preparation). Two of the new Taurus members with precise spectral types (at M9.25 and M9.5) show clear excesses at [5.8]
and [8.0], indicating that they have circumstellar disks. Two additional new members are also redder than the photospheric sequences at
≤L0, but since they have larger spectral type errors that extend later than L0, and since the photospheric colors are ill-defined at those
types, we cannot determine conclusively whether color excesses from disks are present.
Survey for Brown Dwarfs in Taurus and Perseus 29
03290964
A0-A7
03290588
M5-M7
03284022
M6
1.0 1.5 2.0 2.5
0
1
2
3
4
5
λ (µm)
F λ
F 1
.68
 + 
co
ns
tan
t
03291180
M6
03294217
M9.5
03443516
M9-L3
03442843
M9-L4
03285772
M9-L4
1.0 1.5 2.0 2.5
Fig. 14.— Near-IR spectra of new members of IC 348 and NGC 1333, which have been dereddened to match standard young brown
dwarfs (Luhman et al. 2017). These data have a resolution of R = 150. The data used to create this figure are available.
Fig. 15.— Near-IR CMDs for the previously known members of IC 348 and NGC 1333 (filled circles Luhman et al. 2016) and the
candidates that we have classified as new members (open and filled circles, Table 5).
